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Basic data for evaluating homogeneities of LiTaO3 single crystals for optical use are investigated by
line-focus-beam acoustic microscopy. First, the relationships among leaky surface acoustic-wave
~LSAW! velocities, chemical compositions, Curie temperatures, densities, and lattice constants are
experimentally investigated as the calibration lines for crystal evaluation using X-, Y-, and Z-cut
substrates prepared from three LiTaO3 single crystals grown along the crystallographic Y axis with
different Li2O contents ranging from 48 to 49 mol %. It is shown that as the Li2O content increases
around the congruent composition, the LSAW velocities linearly increase for all specimen surfaces
and all propagation directions, and the increase rate is maximum for Z-cut, Y-axis propagating ~ZY!
LiTaO3. Next, homogeneities of the above three crystals and a commercially available optical-grade
crystal are evaluated using ZY -LiTaO3 specimens and the obtained calibration lines. The chemical
composition variations along both the pulling direction and the diameter direction are successfully
detected as LSAW velocity variations, due to the changes of crystal-growth conditions. In the
commercial crystal, the LSAW velocity variations for the whole examined region (80 mm
360 mm) exhibit a maximum difference of 0.82 m/s, corresponding to the composition change of
0.026 Li2O mol %. It is demonstrated that this ultrasonic method has the unique and useful
capabilities of detecting changes of the growth conditions and of evaluating local densities and the
crystal-melt interface shape. © 2000 American Institute of Physics. @S0021-8979~00!04808-8#I. INTRODUCTION
LiTaO3 ~Refs. 1–5! is one of the most useful ferroelec-
tric materials not only for surface acoustic-wave ~SAW! de-
vices because of its piezoelectric property, but also for opto-
electronic devices because of its favorable acousto-optic,
electro-optic, and nonlinear optical properties and high resis-
tance to optical damage. Recently, one of the most important
subjects of this crystal is to establish the growth conditions
for producing large-diameter crystals with optically homoge-
neous properties. Chemical composition dependences of the
refractive index, density, lattice constant, and Curie tempera-
ture have been investigated.2,6–8 Also, it has been reported
that the congruent composition of this crystal is about 48.5
mol % in Li2O content.3,5,8 However, it is not easy to grow
homogeneous crystals because of its high melting point and
generation of lattice imperfections. Therefore, it is necessary
to precisely evaluate the lattice imperfections and composi-
tional homogeneities and to feed back these results to adjust
the growth conditions to resolve the above problems. LiTaO3
crystals are conventionally evaluated by measuring the Curie
temperature by differential thermal analysis ~DTA!,2,3,6–8 the
lattice constant and crystal imperfections by x-ray
techniques,2,7,9,10 the refractive index by the prism-coupler
method,2,7 the density,2 and so on. Also, the chemical com-
position has been analyzed by inductively coupled plasma-
atomic emission spectrometry ~ICP-AES!, electron probe mi-
croanalysis ~EPMA!, and x-ray fluorescence ~XRF! analysis.
However, these techniques still have some serious problems
for conducting the research and development of optical-
grade crystals with larger diameters and higher homogeneity.4390021-8979/2000/87(9)/4395/9/$17.00
Downloaded 05 Nov 2008 to 130.34.135.83. Redistribution subject toThese problems include insufficient accuracy, destruction of
the specimen, and very long measurement time. Therefore,
although it is necessary to improve these conventional tech-
niques, a technique that can perform nondestructive and non-
contacting evaluation with higher accuracy should be devel-
oped. We have been proposing and demonstrating line-
focus-beam ~LFB! acoustic microscopy11 as a technique to
meet such requirements.
Materials are characterized by LFB acoustic microscopy
by measuring the propagating characteristics, viz., phase ve-
locity and attenuation, of leaky surface acoustic waves
~LSAWs! ~Ref. 12! propagating along one desired direction
on a water-loaded specimen surface, through V(z) curve
analysis.11 These measurements are very accurate, nonde-
structive, noncontacting, and speedy. We have applied LFB
acoustic microscopy to the fundamental studies of LiNbO3
and LiTaO3 single crystals for SAW-device use and MgO-
doped LiNbO3 crystals for optoelectronic-device use.13–16
For example, the area of partial multidomains in
X-112°Y LiTaO3 wafers, which results from an incomplete
poling process, has been successfully detected as variations
in LSAW velocity.13 For 128°YX-LiNbO3 and
36°YX-LiTaO3 single crystals, the relationships among
LSAW velocities, chemical compositions, and densities have
been investigated.14,15 These investigations have shown that
the variations of chemical compositions and densities can be
easily detected as variations in LSAW velocity. For
MgO:LiNbO3 single crystals, the relationships among
LSAW velocities, chemical compositions, Curie tempera-
tures, densities, lattice constants, and refractive indices have5 © 2000 American Institute of Physics
 ASCE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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accuracy and resolutions of this ultrasonic method are better
than any conventional evaluation method.16
The purpose of this article is to collect basic data for
evaluating homogeneities of optical-grade LiTaO3 single
crystals and to establish the proper growth conditions by
LFB acoustic microscopy. In particular, we will focus on the
evaluation of compositional homogeneity, because of its
close relationship with optical properties.2,7 First, X-, Y-, and
Z-cut substrates are prepared from three LiTaO3 single crys-
tals with different compositions ranging from 48 to
49 Li2O mol %. LSAW velocities are measured for each
crystal surface as a function of the wave propagation direc-
tion. Also, chemical composition dependences of LSAW ve-
locities are investigated, and a proper crystalline plane and
LSAW propagation direction suitable for crystal homogene-
ity evaluation are selected. Next, measured LSAW velocities
are discussed in relation to the chemical compositions, Curie
temperatures, densities, and lattice constants in order to
quantitatively interpret measured velocities for crystal homo-
geneity evaluation. Further, homogeneities of the above crys-
tals and a commercially available optical-grade single crystal
are evaluated using the obtained calibration lines.
II. LFB SYSTEM
The method and system of LFB acoustic microscopy
have been described in detail elsewhere.11 Figure 1 shows
the cross-sectional geometry of the LFB ultrasonic device
and specimen system. Ultrasonic plane waves excited by the
transducer are formed into a wedge-shaped ultrasonic beam
by a cylindrical ultrasonic lens and focused on the specimen
surface through water as a couplant. LSAWs are excited at
the critical angle uLSAW and propagated along one selected
direction on a water-loaded specimen surface. The propaga-
tion characteristics of the phase velocity and propagation at-
tenuation are determined by analyzing a V(z) curve, which is
the interference wave form of two wave components of
LSAWs ~#1! and axial waves ~#0!, recorded as a function of
the relative distance z between the LFB ultrasonic device and
the specimen surface. The material is characterized by
LSAW velocity measurements in this study, employing a
sapphire cylindrical lens with a 1 mm radius and an ultra-
sonic frequency of 225 MHz. The propagation region of
FIG. 1. Illustration of a cross section of a LFB acoustic device and a surface
acoustic-wave mode for characterization. uLSAW : critical angle of LSAW,
VLSAW : LSAW velocity, and aLSAW : normalized attenuation factor of
LSAW.Downloaded 05 Nov 2008 to 130.34.135.83. Redistribution subject toLSAWs is varied with about 7 mm ~one wavelength in water!
at the focal plane and about 550 mm at the 550 mm defo-
cused position in length along the propagation direction ~x-
axis direction!, and about 1 mm in 3 dB width along the
unfocused direction ~y-axis direction!, as shown in Fig. 1.
Measured LSAW velocity is the averaged one over this small
region. Figure 2 shows the typical V(z) curve measured for
Z-cut, Y-propagating ~ZY! LiTaO3 and the spectral distribu-
tion analyzed by fast Fourier transform ~FFT!. According to
the V(z) curve analysis procedure,11 and using the acoustic
properties of pure water as the reference,17 the phase velocity
of LSAWs,VLSAW , is determined with the oscillation inter-
val Dz in the V(z) curve as follows:
VLSAW5
Vw
A12S 12 Vw2 f Dz D
2
,
where Vw is the longitudinal velocity of water, and f is the
ultrasonic frequency. The most recent system, called the
LFB ultrasonic material characterization ~UMC! system,18 is
used in this study. This system can measure the LSAW ve-
locity at 225 MHz with a relative accuracy better than
60.002% at a chosen point and 60.004% for two-
dimensional scanning of 75 mm375 mm, and with an abso-
lute accuracy of about 60.01%.19
III. SPECIMENS
A. Preparation
To quantitatively evaluate crystal homogeneities by LFB
acoustic microscopy, it is necessary to investigate the rela-
tionship between LSAW velocities and chemical composi-
tion ratios to establish a calibration line. Therefore, three
kinds of LiTaO3 single-crystal ingots, termed crystals 1, 2,
FIG. 2. Typical V(z) curve measured for ZY -LiTaO3 specimen at 225 MHz
~a! and spectral distribution analyzed by FFT for the V(z) curve shown
above ~b!. ASCE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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48.0, 48.5, and 49.0 Li2O mol %. A commercially available,
optical-grade LiTaO3 crystal ~crystal C! with a nominally
congruent composition was also prepared with an optional
requirement of higher solidification to obtain a longer crys-
tal. The crystal-growth conditions and sizes are summarized
in Table I. These crystals, obtained from the Yamaju Ceram-
ics Co., Seto, Japan, were grown along the crystallographic
Y-axis direction by the Czochralski ~CZ! technique. X-, Y-,
and Z-cut substrates about 3 mm thick were taken as speci-
mens from each crystal ingot, and prepared with both sur-
faces optically polished, as shown in Fig. 3. Y-cut substrates
were taken at the middle position along the pulling direction.
Figure 4 shows the configuration of each substrate. The crys-
tal center line passes through the position marked by 3 on
the Y-cut substrate. Z-cut substrates prepared were taken
about 10 mm from the center. The 3 mark and dotted lines
in Fig. 4 show the measurement positions for LSAW veloci-
ties and some other crystal properties in the following dis-
cussions.
B. Chemical composition
The physical properties depend upon the chemical com-
position ratios.2,3,6–8 To obtain basic knowledge and data for
characterizing crystal homogeneities and the growth condi-
tions, it is fundamentally important to know the chemical
composition ratios exactly. We conducted chemical compo-
sition analyses of crystals 1, 2, 3, and C using ICP-AES,
which is useful for measuring Li and Ta concentrations, XRF
analysis for Ta with the capability of stable measurements;
and DTA, which is widely used for the composition analysis
of LiNbO3 and LiTaO3 crystals. Other Y-cut specimens next
to the specimens employed for velocity measurements were
used for chemical analyses. The results are shown in Table
II. In the results by ICP-AES, no significant differences in
FIG. 3. Sample preparation.
TABLE I. Crystal-growth conditions and sizes of LiTaO3 crystals.
Crystal
No.
Prepared
Li2O content
~mol %!
Pulling
speed
~mm/h!
Rotating
speed
~rpm!
Length
~mm!
Diameter
~mm!
1 48.0 7.11 8 68 77
2 48.5 7.22 8 66 77
3 49.0 7.33 8 67 77
C Congruent 3.81 7 79 101Downloaded 05 Nov 2008 to 130.34.135.83. Redistribution subject tocomposition among the four crystals were observed. Further-
more, it is obvious that the analyzed values are less than the
true values considering the result of the previous report5,8
that the congruent composition must be close to
48.5 Li2O mol %. The lower values may be due to the
chemically insoluble properties of LiTaO3, which prevent
preparing a solution suitable for ICP-AES while maintaining
the exact composition ratio. In XRF analysis, the intensities
of fluorescent x rays for Ta in the crystals were measured.
The proper differences in composition among them were
probably not detected because the magnitudes of the differ-
ences were within the measurement errors. In DTA, the Cu-
rie temperatures were measured. As the prepared content of
Li2O increases, the Curie temperature increases monotoni-
cally. In our experimental investigation, we estimated the
resolving power in DTA to be about 6 0.8 °C around 600 °C,
and the chemical differences among the four crystals were
clearly obtained. Therefore, the data of the chemical compo-
sitions obtained by DTA were used in this article. The Li2O
contents were determined from the measured Curie tempera-
tures by using the relationship between the chemical compo-
sitions and Curie temperatures, which was reported by Sato
et al.8 These results are shown in Table III. The analyzed
Li2O contents approached the congruent composition
~around 48.5 Li2O mol %) as compared with the prepared
Li2O contents.3,8 From this study, the chemical composition
of crystal C, which is a commercially available LiTaO3 crys-
tal grown nominally with the congruent composition, was
estimated to be around 48.52 Li2O mol % at the middle of
the crystal.
C. Densities and lattice constants
To continue the investigation, it is also necessary to
know some other physical properties, as well as the chemical
composition properties. The densities and lattice constants
were, therefore, measured. The results are presented in Table
FIG. 4. Sample configurations and measurement positions of LSAW veloci-
ties and chemical and physical properties.
TABLE II. Results analyzed by ICP-AES, XRF analysis, and DTA.
Crystal
No.
Prepared
Li2O content
~mol %!
ICP-AES XRF analysis DTA
Li2O
~mol %!
Ta2O5
~mol %!
Ta intensity
~kcps!
Curie temp.
~°C!
1 48.0 47.75 52.25 843.77 596.7
2 48.5 47.83 52.17 843.86 601.7
3 49.0 47.79 52.21 843.91 607.9
C Congruent 47.76 52.24 844.07 602.5 ASCE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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DTABLE III. Chemical and physical properties of the grown LiTaO3 single crystals.
Prepared Analyzed Curie Lattice constant
Crystal Li2O content Li2O content temperature Density a c
No. ~mol %! ~mol %! ~°C! (kg/m3) ~Å! ~Å!
1 48.00 48.37 596.7 7463.4 5.154 08 13.784 35
2 48.50 48.50 601.7 7460.6 5.153 83 13.783 75
3 49.00 48.66 607.9 7457.9 5.153 63 13.783 22
C Congruent 48.52 602.5 7460.7 5.153 82 13.783 74III. Lattice constants a and c were measured for X- and Z-cut
substrates by x-ray diffractometry using the Bond
method.20,21 These measurements were made at the positions
marked by 3 in Fig. 4. Average densities were measured for
Y-cut substrates by the Archimedes method.22 As the Li2O
content increases, the Curie temperature increases monotoni-
cally, and the density and lattice constants decrease mono-
tonically, as reported in previous works.2,3,6,8 The change
rates are 138.8 °C/Li2O mol % for Curie temperature,
218.5 ~kg/m3)/Li2O mol % for density, 21.5
31023 Å/Li2O mol % for lattice constant a, and 23.9
31023 Å/Li2O mol % for lattice constant c, from the lin-
early approximated lines using the least-squares method for
the data of crystals 1, 2, and 3 in Table III.
IV. EXPERIMENTS AND DISCUSSIONS
A. Effect of chemical composition change on elastic
properties
First, to examine the effect of compositional change on
the elastic properties, we measured the angular dependences
of LSAW velocities at the center of the X-, Y-, and Z-cut
specimens of crystals 1, 2, and 3 at 225 MHz. All measured
LSAW velocities were calibrated according to the LFB sys-
tem calibration method using a gadolinium gallium garnet
~GGG! ~111! single crystal.19 Figure 5 shows the results for
each crystalline surface. The propagation directions of 0° and
90° for the X-cut specimens in Fig. 5~a! correspond to the Y
and Z axes, respectively; those for the Y-cut specimens in
Fig. 5~b!, to the X and Z axes; and those for the Z-cut speci-
mens in Fig. 5~c!, to the X and Y axes. The velocities on each
crystalline surface vary significantly with the propagation di-
rection, reflecting the crystal symmetry, although the appar-
ent LSAW velocity changes on the X-cut specimens were
obtained in the range from 110° to 140°, due to the effect of
another propagation mode ~leaky psuedo-SAWs! ~Refs. 12
and 23! on the present V(z) curve analysis procedure.11,12
Also, as the Li2O content increases, the LSAW velocities
increase monotonically for all propagation directions on each
crystalline surface. The velocity increase rates due to the
chemical composition change, calculated by the linear ap-
proximation, depend upon the propagation direction. The
maximum value for the X-cut plane is
124.5 ~m/s!/Li2O mol % in the 48.7°Y direction; for the
Y-cut plane, 123.8 ~m/s!/Li2O mol % in the X-axis direc-
tion; and for the Z-cut plane, 130.9 ~m/s!/Li2O mol % in the
Y-axis direction.
When this system is applied to evaluate crystal homoge-
neities, the propagation direction of LSAWs should be se-ownloaded 05 Nov 2008 to 130.34.135.83. Redistribution subject tolected along the principle axes, or along the propagation di-
rection, where the power flow angle becomes zero.
Furthermore, the direction selected should be most sensitive
to the chemical composition change. Considering these
points, LSAWs propagating along the Y-axis direction on the
Z-cut plane are most suitable for evaluating crystal homoge-
neity in the following investigations.
B. Calibration lines
The LSAW velocities on each ZY -LiTaO3 shown in Fig.
5~c! were compared with the chemical and physical proper-
ties shown in Table III. Figure 6~a! shows the obtained rela-
tionship between the LSAW velocities and Li2O contents;
Fig. 6~b!, Curie temperatures; Fig. 6~c!, densities; and Fig.
6~d!, lattice constants a and c. The straight lines shown in
FIG. 5. Angular dependences of LSAW velocities for LiTaO3 single crystals
with different compositions. ASCE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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gradients in the same figures measure sensitivities of this
ultrasonic method to the relevant properties. The relation-
ships among the LSAW velocities and the above crystal
properties were linear around the congruent composition,
and the increase of LSAW velocity reflects the increase of
Li2O content and the decrease of density and lattice constant.
Therefore, crystal homogeneities can be evaluated by mea-
suring LSAW velocity variations in a crystal, and by using
these relationships as the calibration lines. Table IV shows
the measurement sensitivities and resolutions of this ultra-
sonic method for the chemical and physical properties of a
LiTaO3 single crystal. The resolutions were calculated from
the obtained sensitivities and the relative accuracy for
LSAW velocity measurements, 60.002%, corresponding to
FIG. 6. Experimental relationships among LSAW velocities, Li2O contents
~a!, Curie temperatures ~b!, densities ~c!, and lattice constants ~d! for
ZY -LiTaO3 single crystals.Downloaded 05 Nov 2008 to 130.34.135.83. Redistribution subject to60.07 m/s around 3300 m/s. This ultrasonic method should
be a useful evaluation technique for developing and analyz-
ing optical-grade LiTaO3 single crystals because the sensi-
tivity and resolution shown in Table IV are much better than
those of the conventional methods, especially in quantitative
detection of slight compositional variations of main atomic
elements, viz., Li and Ta, in LiTaO3 single crystals.
C. Evaluation of crystal homogeneities and growth
conditions
1. Along the pulling axis
Using the obtained calibration lines, crystal homogene-
ities were evaluated by LFB acoustic microscopy. Here, we
first directed our attention to homogeneities along the pulling
direction because inhomogeneities in crystals grown by the
CZ technique often occur along this direction and are of
primary importance.
Samples 1, 2, 3, and C were Z-cut substrates prepared
from each crystal as shown in Table I. LSAW velocities
propagating along the Y-axis direction were measured in
these four specimens in 1 mm steps along the pulling axis
~line 1!, as shown in Fig. 4~c!. Figure 7 shows the results. In
each crystal, the LSAW velocities varied linearly with the
positions from the crystal top to the bottom. The change rates
were obtained by linear approximation using the least-
squares method. The rates are 20.02 ~m/s!/mm for sample 1
and 10.03 ~m/s!/mm for sample 3. The rate for sample 2 is
less than 10.01 ~m/s!/mm, having nearly the congruent com-
position, but the maximum velocity change for the distance
of 40 mm is 0.39 m/s, which exceeds the velocity resolution
of 0.07 m/s in this method. It is clear that there are some
elastic variations. Those velocity variations are considered to
TABLE IV. Sensitivities and resolutions to chemical and physical proper-
ties for ZY -LiTaO3 by LSAW velocity measurements.
Sensitivity Resolution
LSAW velocity fl 60.07 m/s
Li2O content 0.032 mol %/~m/s! 60.002 mol %
Curie temperature 1.25 °C/~m/s! 60.09 °C
Density 20.623 ~kg/m3!/~m/s! 60.04 kg/m3
Lattice constant a 25.0131025 Å/(m/s) 60.431025 Å
Lattice constant c 21.2631024 Å/(m/s) 60.931025 Å
FIG. 7. LSAW velocity variations along the pulling axis for ZY -LiTaO3
specimens with different compositions. ASCE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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variations in a crystal, referred to the calibration line shown
in Fig. 6. The chemical composition ratios in the crystals
from the upper parts to the lower parts vary linearly with
change rates of 20.731023 Li2O mol %/mm for sample 1,
10.231023 Li2O mol %/mm for sample 2, and 11.0
31023 Li2O mol %/mm for sample 3. For sample C, the
variations in LSAW velocity along the pulling-axis direction
are quite similar to the results for sample 2 in Fig. 7, result-
ing in an almost monotonical increase from the upper parts
of the crystal to the lower parts with a maximum deviation of
0.54 m/s ~0.017 mol % in Li2O concentration! and almost the
same composition changing rate. The differences between
the measurement values and the curves approximated by a
third-order polynomial expression, applied to the four speci-
mens, are less than 60.15 m/s. These investigations thus
revealed consecutive composition changes in the melt re-
corded in the crystal as acoustic variations along the pulling-
axis direction.
These results also indicate the variations of densities and
lattice constants along the Y-axis pulling direction, according
to the interrelations among the LSAW velocities, densities,
and lattice constants presented in Fig. 6.
To verify these evaluated results, we measured density
variations along the pulling axis using the Archimedes
method. Three Y-cut substrates from crystals 1, 2, and 3, and
five Y-cut substrates from crystal C were selected at different
positions in the crystal length direction shown in Fig. 3 and
prepared as specimens. Figure 8 shows the results measured
as the average value for the whole specimen, h for crystal 1;
s, for crystal 2; L, for crystal 3; and n, for crystal C. The
densities of crystal 1 increase from the top to the bottom with
a maximum difference of 0.7 kg/m3, while those for other
crystals decrease with maximum differences of 0.4 kg/m3 for
crystal 2, 1.1 kg/m3 for crystal 3, and 0.5 kg/m3 for crystal C.
Thus, even in the density measurements, the compositional
variations in crystals are clearly detected along the pulling
axis. This can be easily understood from the fact that the Li
atomic weight of 6.941 differs largely from the Ta atomic
weight of 180.9479. For comparison, the estimated density
variations in the crystals along the pulling direction are pre-
FIG. 8. Variations of measured and estimated densities along the pulling
axis for LiTaO3 single crystals with different compositions. Symbols indi-
cate measured values; dotted and solid lines, estimated values from LSAW
velocity variations shown in Fig. 7.Downloaded 05 Nov 2008 to 130.34.135.83. Redistribution subject tosented in Fig. 8 as dotted lines for crystals 1, 2, and 3, and a
solid line for crystal C, using the measured LSAW velocity
variations in Fig. 7 and the calibration lines in Fig. 6~c!. The
measured density values agree well with the estimated val-
ues, and it is obvious that the LSAW velocity distributions
presented in Fig. 7 correspond to the distributions of the
chemical compositions and densities along the crystal pulling
direction. This demonstrates that this ultrasonic method can
evaluate density variations on the specimen in a small re-
gion.
Here, we discuss the relationship between the velocity
variations in Fig. 7 and the crystal-growth conditions. In Fig.
7, the LSAW velocity variations observed can be understood
as the Li2O content variations. Considering that the compo-
sition ratio of a crystal depends on that of the melt, the
chemical composition variations in Fig. 7 show that the melt
composition was gradually changing while the crystal was
growing. The cause of this change in the melt composition
can be explained as follows. In Fig. 7, for sample 3 the Li2O
content around the position of 10 mm is estimated to be
about 48.64 mol % and less than the melt composition of
49.0 mol %. This is because the crystal is going to grow so as
to approach the congruent composition given in Table III,
and means that Li2O in the crystal growth was consumed at
less than the prepared composition ratio. When the crystal is
grown at the position 30 mm from the crystal top, the Li2O
content in the melt is considered to exceed
49.0 Li2O mol %. In fact, the Li2O content of the crystal
grown at this position was estimated to be about 48.66 mol %
and exceeded the Li2O content of the crystal grown at 10
mm. It is interpreted that the Li2O concentration in the melt
gradually increases during the crystal growth so that the
crystal contains more Li2O concentration at the bottom parts
than at the top parts.
In the case of sample 1, the Li2O concentration in the
melt gradually decreases during the crystal growth due to the
opposite process, so that the crystal contains more Li2O con-
centration at the top parts than at the bottom parts.
2. Along the diameter direction
Next, we try to examine the homogeneities of samples 1,
2, 3, and C along the diameter direction. LSAW velocities in
the Y-axis propagation direction were measured in 1 mm
steps along lines 2, 3, and 4 in Fig. 4~c!. For each crystal,
lines 2, 3, and 4 are selected for samples 1, 2, and 3 at the
positions of 10, 32.5, and 55 mm from the top of the crystals,
and for sample C at 10, 37, and 64 mm. The results are
shown in Fig. 9. The dotted line in Fig. 9 shows the results
obtained by the second- or third-order polynomial approxi-
mation. For each crystal, LSAW velocity changes in the
whole crystal associated with the chemical composition
variations, as seen in Fig. 7, were clearly observed depend-
ing upon the specimens and the positions, including the ve-
locity changes along the pulling-axis direction. Concerning
the velocity variations along the diameter direction, the ve-
locities for sample 1 are greater around the center on all
measurement lines with a convex shape in distribution. The
same is true for sample 3 but with a concave shape, while
velocities for sample 2 are less and almost flat as compared ASCE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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nique a crystal is grown by rotating it and pulling it from the
melt, it can be expected that the chemical composition
changes during growth and the corresponding velocity varia-
tions exhibit nearly symmetrical distributions with respect to
the position of 0 mm. However, we can see some asymmet-
ric velocity variations for line 4 of sample 3 in Fig. 9. We
suppose that those velocity variations reflect the shape of the
crystal-melt interface during the growth.
We will now try to explain the process using the concave
velocity distribution for line 2 of sample 3. We can assume,
according to the literature,24,25 that the crystal-melt interface
shape was convex toward the melt just before crystal 3 at the
position of line 2 was grown. The part that is first grown on
line 2 is around the center of the crystal, near 0 mm; outer
parts are gradually grown after that. Considering that the
Li2O content in the melt gradually increases during the
growth of sample 3 as described above, it can be deduced
that the Li2O content in the melt becomes greater for the
growth at the outer parts, so that the velocity variations mea-
sured on line 2 are greater at the outer parts with a concave
FIG. 9. LSAW velocity variations along diameter directions for ZY -LiTaO3
specimens with different compositions. Solid lines indicate measured val-
ues; dotted lines, approximated curves.Downloaded 05 Nov 2008 to 130.34.135.83. Redistribution subject toshape. As we can similarly explain the velocity profiles for
lines 3 and 4, the interface shape is supposed to be convex
during the whole time of growing crystal 3 with the starting
melt composition of 49.0 Li2O mol %. Similarly, we can de-
duce from the velocity variations in Fig. 9 that, for crystal 1
with a starting melt composition of 48.0 Li2O mol %, the
crystal-melt interface shape was also convex toward the melt
during the growth, but the degree of convexity at the inter-
face depends upon the specimens and the positions because
of the different velocity distributions shown in Fig. 9. In
crystal growth by the CZ technique, the shape of the crystal-
melt interface is mainly affected by the crystal rotation rate
and crystal diameter, and crystals must be grown with a con-
vex interface formed at a crystal rotation rate below the criti-
cal value, associated with a balance of natural and forced
convection in melt.24,25 Although the rotation rates of
samples 1, 2, and 3 are the same as shown in Table I, the
degree of convexity in the crystal-melt interface is different.
This is caused primarily by the different melt compositions.
For sample C shown in Fig. 9~b!, some interesting
changes in the velocity profiles with rather complex shapes
can be seen. The LSAW velocity profiles measured along
lines 2, 3, and 4 remarkably differ from each other. The
velocity distribution of line 2 has the large variations, espe-
cially around the positions 225 to 110 mm; that of line 3 is
almost flat; and that of line 4 shows that the velocities gradu-
ally decrease to the right-hand side. The differences between
the measured values and the approximated curves are within
20.27 to 10.13 m/s, which is greater than 60.1 m/s for line
1. It should be understood that there are not only relatively
smooth composition variations as presented by the approxi-
mated curves, but also abrupt variations along the diameter
direction, and that there are higher Li2O concentrations, es-
pecially in the lower parts of the whole crystal. Considering
that the measurements for lines 1–4 were performed at the
same frequency on the same substrate surface, polished uni-
formly enough, and along the same wave propagation direc-
tion, the relatively greater velocity variations than the mea-
surement resolution of 0.07 m/s should be interpreted here to
be due to the chemical composition variations as a function
of position, rather than problems such as surface damage
introduced by the slicing and polishing processes. The
LSAW velocities in lines 2–4 obtained for sample C are
significantly different from those for sample 2, which has a
chemical composition close to the congruent composition.
Those slight velocity and profile changes might be evidence
that some serious variations of the crystal-growth conditions
occurred at the beginning. Further investigation is needed to
confirm this.
D. Others
For sample C, the chemical composition distributions
estimated from the velocity distributions measured for lines
1–4 are shown in Table V. The chemical composition
changes along the diameter direction of the crystal are esti-
mated to be 0.011 Li2O mol % for line 2, 0.012 Li2O mol %
for line 3, and 0.010 Li2O mol % for line 4. These values are
less than the compositional distribution of 0.017 Li2O mol % ASCE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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DTABLE V. Estimated variations of chemical and physical properties along the pulling axis @line 1 in Fig. 4~c!#
and diameter directions @lines 2, 3, and 4 in Fig 4~c!# for crystal C.
Line
No.
LSAW
velocity
~m/s!
Li2O
content
~mol %!
Curie
temperature
~°C!
Density
~kg/m3!
Lattice constant
a
(1025 Å!
c
(1025 Å!
Maximum
difference
1 0.54 0.017 0.68 0.34 2.7 6.8
2 0.35 0.011 0.44 0.22 1.8 4.4
3 0.38 0.012 0.48 0.24 1.9 4.8
4 0.31 0.010 0.39 0.19 1.6 3.9
All lines 0.82 0.026 1.03 0.51 4.1 10.3in the pulling-axis direction ~line 1!. The slight LSAW ve-
locity increase from the top to the bottom in Fig. 7 is quite
similar to the measurements for LiTaO3 crystals pulled along
the X axis and the 36°-rotated-Y axis for SAW-device use.26
These results for the four crystals suggest that the congruent
composition to give a flat LSAW velocity distribution, which
corresponds essentially to chemical composition homogene-
ity in the grown crystal, might contain slightly less Li2O,
about 48.48 mol %, as the starting material under the same
growth conditions. Alternatively, the results may suggest that
such subtle chemical variations may be associated with some
special difficulties in the crystal-growth conditions of the CZ
technique, especially for congruent LiTaO3 which has a very
high melting point of about 1620 °C. In any case, it is of
great interest that the causes for the results shown in Figs. 7
and 9 might be related to the convection of the melt, the
temperature and mechanical variations in the growing sys-
tem, the shape of the crystal-melt interface during the
growth, and other problems. However, further investigations
into this anomaly are required.
The corresponding variations in Curie temperature, den-
sity, and lattice constant are presented in Table V. Their
maximum deviations along the pulling axis are 0.017 mol %
in Li2O concentration, 0.68 °C in Curie temperature, 0.34
kg/m3 in density, 2.731025 Å in lattice constant a, and 6.8
31025 Å in lattice constant c. For the whole examined area,
the maximum variations are 0.026 mol % in Li2O concentra-
tion, 0.51 kg/m3 in density, and 1.03 °C in Curie temperature.
According to Atuchin,7 this Curie temperature change corre-
sponds to 5.631026 in the ordinary refractive index, and
1.231024 in the extraordinary refractive index. To improve
the inhomogeneity, it is necessary to detect such subtle
chemical variations and to feed the information back to the
growth conditions. However, such requirements are not sat-
isfied by conventional analytical methods such as ICP-AES
and XRF analyses, which cannot detect a difference of
0.3 Li2O mol % in chemical composition between samples 1
and 3, as shown in sec. III B. The variations in the above also
cannot be detected by the DTA method with a measurement
resolution of 60.8 °C or by the prism-coupler method with a
resolution of 6231024 for the refractive index.16 In con-
trast, this ultrasonic analytical method of measuring LSAW
velocities has the major advantages of extremely high mea-
surement sensitivity and resolution as given in Table IV;
nondestructive and noncontacting evaluation; and very fast
evaluation.ownloaded 05 Nov 2008 to 130.34.135.83. Redistribution subject toV. CONCLUSION
This study has applied the LFB-UMC system, which en-
ables us to measure LSAW velocity very stably and accu-
rately, to obtain basic data, and an experimental procedure
for evaluating the homogeneity of LiTaO3 crystals for optical
use and for establishing the proper crystal-growth conditions.
For this purpose, we prepared three LiTaO3 single crystals
with different melt compositions of 48.0, 48.5, and 49.0
Li2O mol % and one commercially available optical-grade
crystal, all of which were pulled along the crystallographic Y
axis.
Using X-, Y-, and Z-cut specimens prepared from each
crystal, LSAW velocities were measured and related to the
other chemical and physical properties of chemical compo-
sitions, Curie temperatures, densities, and lattice constants.
The chemical composition of the commercial crystal was
estimated to be around 48.52 Li2O mol %. It was shown that
as the Li2O content increases around the congruent compo-
sition, the LSAW velocities increase linearly for all the
specimen surfaces and all the propagation directions, and
that the Y-axis propagation on the Z-cut crystalline plane is
suitable for crystal characterization because it has the highest
velocity change rate.
With the calibration lines between the LSAW velocities
and the other chemical and physical properties, the LFB-
UMC system was applied to evaluate homogeneities of four
Z-cut specimens of the above three crystals and one commer-
cial crystal. Different composition variations from the crystal
top to the bottom were observed along the pulling-axis di-
rection, depending upon the melt compositions. Change rates
were 20.731023 Li2O mol %/mm for the 48.0 Li2O mol %
melt composition, 10.231023 Li2O mol %/mm
for the 48.5 Li2O mol % melt composition, 11.0
31023 Li2O mol %/mm for the 49.0 Li2O mol % melt
composition, and 10.231023 Li2O mol %/mm for the
commercial crystal. To grow homogeneous crystals in the
pulling direction, the melt composition should thus be
changed to around 48.48 Li2O mol % under the same growth
conditions for other parameters. Along the diameter direc-
tion, the velocity profiles varied clearly with the melt com-
positions: convex for the 48.0 Li2O mol % melt composi-
tion, concave for the 49.0 Li2O mol % melt composition,
and almost flat for the 48.5 Li2O mol % melt composition
and commercial one which were close to the congruent com-
position. For the commercial crystal, a slight but significant ASCE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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serious variations of the growth conditions while the crystal
was growing. In this study, we succeeded in giving detailed
interpretations of the crystal-growth processes with the dif-
ferent melt compositions, such as composition changes and
crystal-melt interface shape during the growth, by measuring
the LSAW velocities along the pulling-axis and diameter di-
rections. The homogeneities of the commercial crystal were
evaluated, and the compositional variations for the whole
examined region (80 mm360 mm! exhibited a maximum de-
viation of 0.026 Li2O mol %.
The capability to evaluate the local density is very
unique, and such an evaluation is impossible by any other
technique. This ultrasonic method should be adopted as an
analytical technique for establishing the crystal-growth con-
ditions and processes, and for selecting and evaluating the
wafers. Furthermore, it might provide solutions for other un-
resolved scientific and industrial material problems related
not only to ferroelectric materials such as LiTaO3 and
LiNbO3, but also to other materials such as nonpiezoelectric
crystals and isotropic glasses.
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